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Abstract: Corn straw return to the field is a vital agronomic practice for increasing soil organic carbon 
(SOC) and its labile fractions, as well as soil aggregates and organic carbon (OC) associated with 
water-stable aggregates (WSA). Moreover, the labile SOC fractions play an important role in OC turnover 
and sequestration. The aims of this study were to determine how different corn straw returning modes 
affect the contents of labile SOC fractions and OC associated with WSA. Corn straw was returned in the 
following depths: (1) on undisturbed soil surface (NTS), (2) in the 0—10 cm soil depth (MTS), (3) in the 
0-20 cm soil depth (CTS), and (4) no corn straw applied (CK). After five years (2014—2018), soil was 
sampled in the 0-20 and 20-40 cm depths to measure the water-extractable organic C (WEOC), 
permanganate oxidizable C (KMnO.-C), light fraction organic C (LFOC), and WSA fractions. The results 
showed that compared with CK, corn straw amended soils (NTS, MTS and CTS) increased SOC content 
by 11.55%-16.58%, WEOC by 41.38%—51.42%, KMnOu-C and LFOC by 29.84%—34.09% and 
56.68%—65.36% in the 0-40 cm soil depth. The LFOC and KMnO4-C were proved to be the most 
sensitive fractions to different corn straw returning modes. Compared with CK, soils amended with corn 
straw increased mean weight diameter by 24.24%—40.48% in the 0—20 cm soil depth. The NTS and MTS 
preserved more than 60.00% of OC in macro-aggregates compared with CK. No significant difference 
was found in corn yield across all corn straw returning modes throughout the study period, indicating that 
adoption of NTS and MTS would increase SOC content and improve soil structure, and would not 
decline crop production. 
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1 Introduction 


Cultivated lands have experienced a significant decline in soil fertility, due to losses of soil 
organic carbon (SOC) and its labile fractions. Removal of crop residues is regarded to be the 
chief reason behind losses of SOC content and labile SOC fractions (Chen et al., 2017; 
Bongiorno et al., 2019). This practice increases direct mineralization of soil organic matter by 
soil microbes. In contrast, returning corn straw to the soil has been shown as alternative practices 
to reverse losses of SOC content and improve labile SOC fractions (Bongiorno et al., 2019; Mi 
et al., 2019). Mi et al. (2019) showed that returning crop straw into the soil improved SOC 
content by 28.00% in the 0-20 cm soil depth, compared with non-straw amended soils. 

SOC is a predominant factor for improving soil fertility and plays an important role in soil 
function. Therefore, maintaining soil carbon (C) balance is of utmost importance for improving 
soil quality and C sequestration. Up to date, bulk SOC content is commonly used to assess the 
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changes in soil quality. However, changes in SOC content induced by soil management practices 
are often difficult to detect, due to the high background values of soil C (Gregorich et al., 1994), 
and slow turnover rates (Yang et al., 2012). For these reasons, there is the need to evaluate 
reliable and sensitive indicators that may serve to assess the changes in soil quality. 

A suite of labile SOC fractions, such as water extractable organic C (WEOC), hot water 
extractable C (HWC), permanganate oxidizable C (KMnO,-C), microbial biomass C (MBC), 
particulate organic carbon (POC), and light fraction organic C (LFOC) are perceived as sensitive 
and good indicators of soil quality (Dikgwatlhe et al., 2014; Chen et al., 2017; Li et al., 2018; 
Bongiorno et al., 2019). These fractions have faster turnover rates and they respond rapidly to 
the changes in soil management practices. For instance, in a three-year study, Chen et al. (2017) 
did not observe significant changes in bulk SOC content after crop straw residues were returned, 
but MBC, POC, WEOC and LFOC contents were significantly increased. Therefore, assessing 
labile SOC fractions provide a useful index to monitor the capacity of soil to sequester C, given 
that labile SOC fractions are the essential for the formation of more stable SOC. In addition to 
the labile SOC fractions, evaluation of carbon management index (CMI) can give the precise 
direction on the effects induced by soil management practices on SOC dynamics. The CMI 
monitors whether a soil is rehabilitating or deteriorating (Blair et al., 1994), and the increase in 
CMI can indicate rehabilitating soil ecosystem (Li et al., 2018; Mi et al., 2019). 

The stability of soil aggregates represented by mean weight diameter (MWD), geometric 
mean diameter (GMD), and aggregate-size fractions are the vital indices of soil physical quality. 
In these attributes (MWD, GMD and aggregate-size fractions), SOC (Xue et al., 2019) and crop 
residues (Zhang et al., 2019) serve as major cementing agents of soil aggregates to form 
macro-aggregates. The macro-aggregates in turn physically protect SOC (Six et al., 2002) and 
labile SOC fractions (Chen et al., 2009) from rapid biochemical mineralization. 

Although extensive research has been conducted on the effects of corn straw amendments on 
SOC, its labile fractions and aggregate-size distribution, it still remains unclear which labile 
SOC fraction is the most sensitive to the changes in soil management practices and can be used 
as a best proxy in soil quality (Bongiorno et al., 2019). Additionally, there are inconsistences 
regarding the most effective corn straw returning mode to build-up SOC, and which 
aggregate-size fraction is largely involved in the soil C preservation. Lastly, the potential 
contribution of building SOC as a means to increase corn production has not yet been 
sufficiently quantified in spite of a significant relationship between SOC and corn yield 
(Oldfoeld et al., 2019), and there is little consensus as to whether corn yields are maintained or 
yield increases or decreases after crop straw application (Song et al., 2015; Si et al., 2018; Song 
et al., 2019). In light to these inconsistences, a five-year (2014-2018) study was conducted in 
Haplic Cambisol to evaluate the effects of four different corn straw returning modes on: (1) the 
contents of labile SOC fractions and assessing which labile SOC fraction is the most sensitive to 
soil management practices; (2) water stable aggregates (WSA) and SOC distribution in 
aggregate-size fractions; and (3) crop yield. We expect that returning corn straw will increase the 
contents of labile SOC fractions and improve soil aggregation. 


2 Materials and methods 


2.1 Study area 


The study area is located in Mount Ayliff, Eastern Cape Province of South Africa (30°48'14"S, 
29°21'57"E). The mean altitude, temperature and precipitation of the study area are 1167.0 m 
a.s.l., 15.9°C and 674.0 mm, respectively. More than 70% of precipitation occurs between 
November and March. Soils are classified as Haplic Cambisol in the World Reference Base 
classification. Soil texture is predominantly sandy clay loam. The fields were subjected to 
continuous corn (Zea mays L.) cropping under conventional tillage without corn straw returning 
since 1978, until the establishment of corn straw returning in 2014. 
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2.2 Experimental design 


Corn straw was returned to the field (1.4 hm’) under equal straw mass of 8900 kg/hm?. Four 
treatments were randomly set with three replications. The treatments included: (1) no corn straw 
applied (CK), (2) corn straw placed on the undisturbed soil surface (NTS), (3) corn straw 
incorporated in the 0-10 cm soil depth (MTS), and (4) corn straw incorporated in the 0-20 cm 
soil depth (CTS). Under all treatments, corn straw was cut at the bottom and placed on the soil 
surface during harvesting, whereas it was cut at the bottom and removed from the field under CK. 
All plots in the fields were kept fallow for five months. During planting, soils were prepared by 
moldboard adjusted to till the soil in the 0—20 cm soil depth under CK. Under NTS treatment, a 
no-till planter was used on undisturbed soil surface. Under MTS treatment, corn straw was 
incorporated in the 0-10 cm soil depth with a disc plow. Under CTS treatment, corn straw was 
incorporated into the soil with a moldboard plow, and urea fertilizer was applied at a rate of 150 
kg/(hm?.a) across all treatments. Corn seeds (DKC-7374, Monsanto seeds) were planted at 36,000 
plant/hm? annually, sown in early December and harvested in late June of the following year. 
These management practices were repeated consecutively for five years (2014—2018). 


2.3 Soil sampling and analysis 


Random undisturbed soil samples were collected from each field in the 0—20 and 20-40 cm soil 
depths. After visible stones were removed, some portion of collected soil samples was broken 
with caution along natural break points and passed through an 8-mm sieve. The other portion was 
air-dried then passed through a 2-mm sieve. Soil characterization at the beginning of the 
experiment was not performed, due to the long history of conventional production on the fields 
(>40 a). Sun et al. (2012) reported that conventionally tilled fields approach equilibrium in terms 
of C inputs-outputs after 30-50 a. Therefore, the fields in the present study were considered 
adequate beginning conditions for the current experimental objectives. 

2.3.1 Soil property 

Soil pH and electrical conductivity (EC) were determined in a soil-water suspension of 1.0:2.5 
ratio. Available phosphorus (P) and potassium (K) were extracted by Bray II and ammonium 
acetate methods, respectively. Available nitrogen (N) was extracted by 2 mol/L KCI following the 
method described in details by Okalebo et al. (2002). Total nitrogen (TN) was determined by 
Kjeldahl method (Bremner et al., 1982). SOC content was determined by wet modified-oxidation 
method, by treating 0.2 g of soil with K2Cr20:-H2S0; (Zhang et al., 2020). Soil bulk density was 
measured by core method (Okalebo et al., 2002). 

2.3.2 Labile soil organic carbon fractions 

The KMnO,-C fraction was determined in 2.5 g of soil by distilled water and 0.2 mol/L potassium 
permanganate oxidation method (Culman et al., 2012). The absorbance of soil solution was 
measured at 550 nm. 

WEOC and HWC were sequentially extracted from 5 g of air-dried soil in a soil—water 
suspension of 1.0:6.0 ratio at 25°C and 70°C, respectively (Changtingny et al., 2010). After 
filtering, HWC and WEOC solutions were measured with a TOC (total organic carbon) analyser 
(Shimadzu TOC-Vcph, Japan). 

MBC was estimated from the increase in organic C in the 0.5 mol/L potassium sulphate (K2S04) 
extracts of fumigated soils (Vance et al., 1987). MBC in K2S0;3 extract was determined by a TOC 
analyser (Shimadzu TOC-Vcph, Japan). 

Particulate organic C (POC) was determined following the method by Cambardella and Elliott 
(1992). Briefly, 50 g of air-dried soil was treated with sodium hexametaphosphate under 
permanent shaking for 16 h. The soil solution was thoroughly rinsed with distilled water passed 
through a 53-um sieve and soil material retained by a sieve was designated as POC. 

We separated the LFOC by density fraction method described in Yang et al. (2012) using 
sodium iodide (Nal) solution with a density of 1.70 g/cm°. Exactly 30 g of soil was treated with 
Nal solution. The contents were shaken for 1 h on a horizontal shaker (300 rpm) and the 
suspension was centrifuged for 30 min, thereafter light floating materials were filtered through a 
glass fibre filter and designated as LFOC. This process was repeated three times and LFOC was 
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thoroughly rinsed with distilled water. The recovered LFOC and POC fractions were oven dried at 
60°C for 48 h and analysed for SOC content. 


2.3.3 Aggregate-size distribution 

Aggregate-size fractions of soil passed through an 8-mm sieve were measured with a modified 
wet-sieving procedure (Elliott, 1986) by weighing 100 g of soil. The soil was nested onto a series 
of sieves and processed with TMC-100 Soil Aggregate Analyzer (Huafeng Company, China). This 
wet-sieving procedure resulted into four aggregate-size fractions: (1) large macro-aggregates 
(>2.000 mm), (2) small macro-aggregates (2.000—0.250 mm), (3) micro-aggregates (0.250—0.053 
mm), and (4) silt/clay fraction (<0.053 mm). All fractions were oven dried at 60°C for 
determining SOC content. 

2.4 Corn yield 

Corn yield was estimated in late July every year by manually harvesting corn. Grain samples were 
air-dried on the ground by threshing, until reaching a uniform moisture level of about 14% water 
content and then weighed (Song et al., 2015; Si et al., 2018). 

2.5 Calculation and statistical analysis 


We calculated CMI according to the method of Blair et al. (1994): 
CMI = Carbon pool index (CPI)xLability index (LI)x100, (1) 
Organic C content of soil sample 


CPI = ; (2) 
Organic C content of referenced soil sample 

Lability of C in soil sample (3) 

Lability of C in referenced soil sample ` 
ubiyorce -2a _., (4) 

TOC — KMnO, -C 
Sensitivity index (SI, %) was computed using the following equation (Benbi et al., 2015): 

SI= C fraction in soil in a given treatment — C fraction in referenced soil 100% . (5) 


C fraction in referenced soil 
Water stable aggregates (WSA, %) on each aggregate-size fraction were calculated using the 
following equation: 


WSA = Weight of sgpregate-size fan — Weight a sand fraction 100% . (6) 
Total weight — Weight of sand fraction 
MWD (mm) and geometric mean diameter (GMD, mm) of WSA were calculated using the 


following formula of Kemper and Rosenau (1986): 


MWD = >)x,xw,, (7) 
i=l 
dw, log x, 
GWD = exp(— ), (8) 
W. 


i 
i=l 


where x; is the mean diameter of aggregate fraction i (mm); and w; is the mass proportion of 
aggregate fraction. 

We calculated organic carbon preservation capacity (CPC, g/kg) of the soil aggregates 
according to Song et al. (2019): 


CPC = MAEM), (9) 
100 


where MAC; is the organic carbon content associated with each soil aggregate-size fraction (g/kg); 
and MA; is the aggregate-size distribution (%) of a given fraction (>2.000, 2.000—0.250, 
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0.250—0.053 and <0.053 mm). 

Analysis of variance was conducted to compare the effects of different corn straw returning 
modes on SOC, labile SOC fractions and aggregate-size fractions using SPSS software (IBM 
Statistics 21.0, IBM Corp., Armonk, USA). Significance differences among treatment means were 
evaluated using the least significant difference test at P<0.05 level. Correlations were evaluated 
with Pearson's correlation coefficients (r) across all corn straw returning modes. 


3 Results 


3.1 Soil property 


Soil organic C, TN, available P and K contents were 14.21-17.92 g/kg, 0.14%-0.27%, 159-179 
mg/kg and 22.70-30.72 mg/kg, respectively (Table 1). The contents of these soil parameters were 
significantly higher in soils amended with corn straw, and the order of them was as follows: 
NTS>MTS>CTS>CK in the 0-20 cm and CTS>MTS>CK>NTS in the 20-40 cm soil depth. 
Meanwhile, soil pH, EC, C/N ratio, available N and bulk density were not significantly different 
in corn straw amended soils in the 0—20 cm soil depth, and these parameters decreased with an 
increase in soil depth (Table 1). 


Table 1 Soil properties under different corn straw returning modes in the 0—20 and 20—40 cm soil depths 


ae Parameter NTS MTS CTS CK 
0-20 pH 5.10+0.09° 5.15+0.14° 5.21+0.11° 5.17+0.12° 
EC (uS/cm) 73.70+0.81° 70.83+0.33" 61.68+1.02° 72.09+0.58" 
SOC (g/kg) 17.92+1.10° 15.89+0.68° 15.65+0.90° 14.21+0.59° 
TN (%) 0.270.05° 0.23+0.07° 0.26+0.04° 0.12+0.01° 
N (mg/kg) 151.31+19.20° 142.63+17.01° 116.72+11.61° 105.03+12.89° 
P (mg/kg) 25.75+1.01° 23.42+1.63" 19.66+1.65° 17.0141.12° 
K (mg/kg) 179.29+9.42# 169.33+6.18" 155.8347.42° 131.09+9.92° 
Bulk density (g/cm?) 1.39+0.07° 1.43+0.08° 1.42+0.09° 1.480.05° 
20-40 pH 5.13+0.04" 5.23+0.11" 5.49+0.35° 5.17+0.02° 
EC (uS/cm) 68.29+1.76° 69.91+1.92° 59.42+1.43° 70.8341.74° 
SOC (g/kg) 13.75+0.63° 13.98:40.58° 14.82+0.71* 12.21+0.80° 
TN (%) 0.13+0.00° 0.15+0.02° 0.21+0.02" 0.14+40.01° 
N (mg/kg) 93.16+9.01% 95.7647.12* 109.1748.66" 90.3546.64° 
P (mg/kg) 12.23+0.79° 15.10+0.46” 17.100.13° 11.92+0.29° 
K (mg/kg) 95.2144.65° 110.12+8.26" 122.0845.91" 97.1543.79° 
Bulk density (g/cm?) 1.4140.03* 1.48+0.05" 1.44+0.04" 1.5140.12" 


Note: EC, electric conductivity; SOC, soil organic carbon; TN, total nitrogen; N, available nitrogen; P, available phosphorus; K, 
available potassium; NTS, corn straw placed on undisturbed soil surface; MTS, corn straw incorporated in the 0—10 cm soil depth; CTS, 
corn straw incorporated in the 0-20 cm soil depth; CK, no corn straw returned; Mean+SE. Different lowercase letters within the same 
row indicate significant differences among different corn straw returning modes at P<0.05 level. Abbreviations are the same in Tables 
2-6. 


3.2 Concentration of labile SOC fraction 

Across all corn straw returning modes, the contents of WEOC, HWC, KMnO,-C, MBC and 
LFOC increased in the order of NTS>MTS>CTS>CK in the 0-20 cm, and CTS>MTS>CK>NTS 
in the 20-40 cm soil depth (Table 2). Compared with CK, corn straw amended soils increased 


WEOC content by 41.38%—-1.42%, KMnOz-C by 29.84%-—33.09% and LFOC by 56.68 %—65.36% 
in the 040 cm soil depth. WEOC fraction represented the lowest percentage to SOC 
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(0.48%—1.52%); meanwhile, POC represented the highest percentage to SOC (7.70%—14.62%) in 
the 0—40 cm soil depth (Table 2). 


Table 2 Effects of different corn straw returning modes on labile SOC fractions and their contributions to SOC 
in the 0-20 and 20—40 cm soil depths 


Soil depth Parameter NTS MTS CTS CK 

(cm) 

0-20 WEOC (g/kg) 0.28+0.04* 0.18+0.03° 0.08+0.04° 0.07+0.01° 

Percentage of WEOC (%) 1.56+0.05* 1.13+0.03° 0.51+0.02° 0.48+0.05° 

HWC (g/kg) 0.41+0.01° 0.33+0.04° 0.17+0.01° 0.16+0.01° 

Percentage of HWC (%) 2.29+0.08" 2.07+0.04° 1.09+0.02° 1.13+0.09° 

KMn0O,-C (g/kg) 0.8740.02" 0.72+0.09"” 0.60+0.10° 0.31+0.02° 

Percentage of KMnO,-C (%) 4.86+0.14* 4.53+0.10* 3.85+0.09° 2.18+0.05° 

MBC (g/kg) 0.55+0.05" 0.41+0.01° 0.30+0.03° 0.28+0.03° 

Percentage of MBC (%) 3.07+0.05° 2.58+0.07° 1.92+0.03° 1.96+0.08° 

LFOC (g/kg) 2.07+0.07* 1.84+0.06° 1.80+0.10° 0.54+0.05° 

Percentage of LFOC (%) 11.55+0.21° 11.58+0.19* 11.50+0.28* 3.80+0.24° 

POC (g/kg) 2.62+0.10* 2.24+0.09° 2.09+40.08° 1.47+0.07° 

Percentage of POC (%) 14.62+1.43* 14.10+1.22* 13.35+1.16* 10.34+0.87° 

20-40 WEOC (g/kg) 0.07+0.01° 0.11+0.02° 0.21+0.03* 0.10+0.02° 

Percentage of WEOC (%) 0.73+0.05° 0.96+0.02° 1.42+0.11* 0.58+0.034 

HWC (g/kg) 0.18+0.05° 0.21+0.03° 0.38+0.02* 0.13+0.01° 

Percentage of HWC (%) 1.31+0.02° 1.32+0.05° 2.56+0.12* 1.07+0.08° 

KMn0O,-C (g/kg) 0.45+0.02° 0.52+0.04° 0.64+0.01* 0.56+0.01° 

Percentage of KMnO,-C (%) 3.27+0.09° 3.27+0.08° 4.32+0.04* 3.96+0.07° 

MBC (g/kg) 0.20+0.02° 0.31+0.06* 0.36+0.02* 0.28+0.03° 

Percentage of MBC (%) 1.45+0.02° 1.95+0.05° 2.43+0.05* 2.45+0.09* 

LFOC (g/kg) 1.29+0.03° 1.23+0.09° 2.04+0.05* 0.79+0.03° 

Percentage of LFOC (%) 9.38+0.11° 8.80+0.09° 13.77+0.19* 6.47+0.10° 

POC (g/kg) 1.39+40.04° 1.55+0.09° 1.9340.02* 0.94+0.034 

Percentage of POC (%) 10.11+0.06° 11.09+0.08° 13.02+0.09* 7.70£0.03° 


Note: WEOC, water extractable organic carbon; HWC, hot water extractable carbon; KMnO,-C, permanganate oxidizable carbon; MBC, 
microbial biomass carbon; LFOC, light fraction organic carbon; POC, particulate organic carbon. Mean+SE. Different lowercase letters 
within the same row indicate significant differences among different corn straw returning modes at P<0.05 level. Abbreviations are the 
same as in Tables 3-6. 


3.3 Sensitivity index of labile SOC fraction and its relationship with SOC content 


Sensitivity index of WEOC varied from 58% to 300%, HWC from 6% to 156%, KMnO,-C from 
94% to 181%, MBC from 7% to 96%, LFOC from 233% to 942%, and POC from 34% to 69% 
across all corn straw returning modes in the 0—40 cm soil depth (Table 3). 

WEOC, LFOC and KMnO.-C proved to be the most sensitive fractions to different corn straw 
returning modes. The six labile SOC fractions were highly and positively correlated with SOC 
and with each other (Table 4). Furthermore, KMnO.z-C (r=0.950, P=0.05) and LFOC (r=0.966, 
P<0.05) showed positive and significant associations with SOC (Table 4). 


Table 3 Sensitivity indices of SOC and labile SOC fractions under different corn straw returning modes in the 
0—40 cm soil depth 


Sensitivity index (%) 


Treatment 
SOC WEOC HWC KMn0O,-C MBC LFOC POC 


NTS 25 300 156 181 96 533 69 
MTS 12 157 106 132 46 241 32 
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CTS 9 58 6 94 T 233 34 


Table 4 Pearson's correlation coefficients (r) between SOC and labile SOC fractions under different corn straw 
returning modes in the 0—40 cm soil depth 


SOC WEOC HWC KMnOQ,-C MBC LFOC 
WEOC 0.917 
HWC 0.874 0.987" 
KMn0Q,-C 0.950° 0.880 0.882 
MBC 0.934 0.998% 0.977" 0.884 
LFOC 0.966" 0.692 0.692 0.948 0.691 
POC 0.851 0.859 0.859 0.996"* 0.878 0.951" 


Note: “and “ mean significant correlations at P<0.05 and P<0.01 levels (2-tailed), respectively. 
3.4 Carbon pool index (CPD), lability index (LD, and carbon management index (CMI) 


CMI values ranged from 79.26 to 288.19 across all corn straw returning modes in their 
corresponding depth (Table 5). The highest values of CPI and CMI in the 0—20 cm soil depth 
occurred under NTS. In the 20—40 cm soil depth, it was CTS that produced the highest values of 
CMI and LI (Table 5). 


Table 5 Carbon pool index (CPI), lability index (LI), and carbon management index (CMI) under different corn 
straw returning modes in the 0-20 and 20—40 cm soil depths 


Soil depth (cm) Parameter NTS MTS CTS CK 
0-20 CPI 1.26+0.09* 1.12+0.06° 1.10+0.05° 1.00+0.00° 
LI 2.29+0.12* 2.1340.08* 2.29+40.11* 1.00+0.00° 
CMI 288.19+2.34* 237.9441 .98° 252.03+2.65° 100.00+0.00° 
20-40 CPI 1.13+0.03° 1.14+0.09° 1.27+0.00* 1.00+0.00° 
LI 0.7040.08° 0.80+0.05"° 0.94+0.04° 1.00+0.00* 
CMI 79.26+1.934 92.02+1.12° 113.97+2.46° 100.00+0.00° 


Note: Different lowercase letters within the same row indicate significant differences among different corn straw returning modes at 
P<0.05 level. Mean+SE. 


3.5 Aggregate stability and aggregate-size distribution 


Corn straw returning modes significantly (P<0.05) affected soil MWD, GMD and >2.000 mm 
aggregate-size fraction in the 0-20 cm soil depth, but seldom in the 20-40 cm depth (Fig. 1). 
These parameters were positively correlated with SOC in the 0—40 cm soil depth (Table 6). 

The macro-aggregates (>0.250 mm) accounted for more than 75% of total soil weight in soils 
amended with corn straw, whereas that of CK accounted for less than 60% of total soil weight in 
both soil depths. Irrespective of corn straw returning modes, the distribution of <0.053 mm 
fraction accounted for less than 10% of total soil weight in both soil depths (Fig. 1). 

3.6 SOC and CPC associated with soil aggregates 


Among all WSA size fractions, the highest SOC content was measured in >0.250 mm aggregate 
fraction, which accounted for 61.85%-—72.10% of SOC across all corn straw returning modes and 
soil depths (Fig. 2). The SOC associated with soil aggregates appeared to decline with decreasing 
aggregate-size fractions. Compared with CK, SOC associated with >2.000 mm aggregate fraction 
increased by 11.13% under CTS, by 10.81% under MTS and by 16.93% under NTS in the 
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Fig. 1 Mean weight diameter (MWD, a), geometric mean diameter (GMD, b) and water stable aggregates (WSA) 
under different aggregate-size fractions and corn straw returning modes in the 0—20 (c) and 20-40 cm (d) soil 
depths. Error bars represent standard errors. Different lowercase letters within the same soil depth or 
aggregate-size fraction indicate significant differences at P<0.05 level. CK, no corn straw returned; NTS, corn 
straw placed on undisturbed soil surface; MTS, corn straw incorporated in the 0-10 cm soil depth; CTS, corn 
straw incorporated in the 0-20 cm soil depth. 


Table 6 Pearson's correlation coefficients (r) of SOC content with mean weight diameter (MWD), geometric 
mean diameter (GMD), and soil aggregate-size fractions in the 0—40 cm soil depth 


Parameter SOC MWD GMD >2.000 mm  2.000-0.250 mm 0.250-0.053 mm 
MWD 0.972* 
GMD 0.979" 0.936 
>2.000 mm 0.967* 0.988* 0.961* 
2.000-0.250 mm —0.875 —0.854 -0.948" 0.923 
0.250-0.053 mm —0.861 0.917 —0.891 -0.960° 0.940 
<0.053 mm 0.012 0.202 —0.000 0.238 —0.194 —0.453 


Note: * means significant correlation at P<0.05 level (2-tailed). 


0—40 cm soil depth. Whereas, SOC associated with <0.053 mm aggregate fraction did not differ 
significantly in all treatments in both soil depths (Fig. 2). 

Analysis of CPC showed that >2.000 mm aggregate-size fraction had the highest capacity to 
preserve C, and <0.053 mm aggregate-size fraction showed the least capacity in both soil depths 
(Fig. 3). We observed that NTS had the highest capacity to store SOC especially in >2.000 mm 
aggregates, whereas CPC in <0.053 mm aggregates did not differ significantly across all corn 
straw returning modes in both soil depths. 


3.7 Corn yield 


Corn yields averaged 4.65, 4.69, 4.74 and 4.63 t/hm* under NTS, MTS, CTS and CK treatments, 
respectively, and did not significantly differ at any period of the study. Moreover, corn yield was 
feebly correlated (R?=0.2141) with SOC content (Fig. 4). 
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Fig. 2 Soil organic carbon (SOC) under different soil aggregate-size fractions and corn straw returning modes in 
the 0-20 (a) and 20—40 cm (b) soil depths. Bars represent standard errors. Different lowercase letters within the 
same aggregate-size fraction indicate significant differences at P<0.05 level. CK, no corn straw returned; NTS, 
corn straw placed on undisturbed soil surface; MTS, corn straw incorporated in the 0-10 cm soil depth; CTS, corn 
straw incorporated in the 0-20 cm soil depth. 
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Fig. 3 Soil organic carbon preservation capacity (CPC) under different soil aggregate-size fractions and corn 
straw returning modes in the 0-20 (a) and 20—40 cm (b) soil depths. Different lowercase letters within the same 
aggregate-size fraction indicate significant differences at P<0.05 level. CK, no corn straw returned; NTS, corn 
straw placed on undisturbed soil surface; MTS, corn straw incorporated in the 0-10 cm soil depth; CTS, corn 
straw incorporated in the 0-20 cm soil depth. 
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Fig. 4 Relationship between corn yield and SOC content. SOC is the average content in the 0—40 cm soil depth. 


CK, no corn straw returned; NTS, corn straw placed on undisturbed soil surface; MTS, corn straw incorporated in 
the 0-10 cm soil depth; CTS, corn straw incorporated in the 0-20 cm soil depth. 
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4 Discussion 


4.1 Effects of corn straw returning modes on SOC content 


In this five-year study, retention of corn straw increased SOC content by 25.35%, 10.57% and 
9.31% under NTS, MTS and CTS treatments, respectively when compared with CK in the 0-20 
cm soil depth (Table 1), and coincides with previous studies (Swanepoel et al., 2018; Pu et al., 
2019; Zhang et al., 2019). As a C rich substance, application of corn straw serves as a C substrate 
for microbes and replenishes SOC content (Ndzelu et al., 2020), thereby contributing to the 
build-up of SOC. Comparing all corn straw returning modes, we found that NTS was considered 
to be more beneficial in increasing SOC content (Table 1). The result could be attributed to the 
surface retention of corn straw on undisturbed soil. Pu et al. (2019) also showed that returning 
crop residues on undisturbed soil significantly improved SOC content. Absence of soil 
disturbance decreases aggregate turnover, which in turn physically protects organic matter against 
microbial mineralization. In contrast, removal of corn straw and intensive tillage, for example, 
CK treatment breaks soil macro-aggregates, thus exposing organic matter to soil microbial 
mineralization (Six et al., 2002), which explains lower SOC content under CK compared with 
other treatments. Therefore, NTS followed by MTS is the better practice to protect SOC against 
mineralization in Haplic Cambisol. 


4.2 Effects of corn straw returning modes on labile soil organic carbon fractions 


Labile SOC fractions, i.e., WEOC, HWC, KMnO,-C, MBC, LFOC and POC are characterized by 
readily decomposable organic compounds (Chen et al., 2009; Dikgwatlhe et al., 2014; Benbi et al., 
2015; Chen et al., 2017; Li et al., 2018; Mi et al., 2019). Similar to other studies, we demonstrated 
that five years of corn straw application significantly increased the contents of labile SOC 
fractions compared with non-amended soils (Table 2). This indicates that soil was enriched with 
labile SOC fractions after corn straw application. During corn straw transformation and 
decomposition, Zhang et al. (2020) observed that some water-soluble substances and labile 
organic compounds (Chen et al., 2009) are released into the soil. Among all six labile SOC 
fractions measured herein, KMnO,-C and LFOC proved to be the most sensitive fractions (Table 
3), and were significantly correlated with SOC content (Table 4), indicating that these fractions 
could be used as early indicators to detect the changes in SOC content in Haplic Cambisol. This 
coincides with previous studies, which showed that LFOC and KMnO.-C were the most sensitive 
fractions to the changes in soil management practices (Dikgwatlhe et al., 2014; Bongiorno et al., 
2019). 

Compared with other corn straw returning modes, NTS appeared to greatly increase the 
contents of each labile SOC fraction in the 0—40 cm soil depth (Table 2). This is because tillage 
incorporated corn straw into the soil under MTS and CTS treatments, which increased soil contact, 
thereby allowing microbes to access straw for rapid transformation and mineralization (Ndzelu et 
al., 2020). As a result, some portions of labile compounds are utilized by microbes as a source of 
energy during corn straw transformation. The increase in the contents of labile SOC fractions with 
soil depth under CTS (Table 2) was caused by redistribution of labile SOC fraction to deeper soil 
depth because of tillage. Lastly, decrease in the contents of labile SOC fractions under CK is 
attributed to absence of corn straw and intensive tillage, which intensified organic matter 
decomposition and resulted in rapid mineralization of labile SOC fractions. Bongiorno et al. 
(2019) drew similar observation that conventional tillage decreased labile SOC fractions. Our 
results indicate that amending soil with corn straw residues will increase the contents of labile 
SOC fractions, and NTS is more conducive in increasing these fractions. 


4.3 CPI and CMI 


Blair et al. (1994) proposed the use of CMI as a useful index to monitor the effects of soil 
management practices on SOC. The highest values of CPI and CMI in the 0—40 cm soil depth 
occurred under NTS (Table 5), suggesting that soils under NTS were better managed to increase 
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SOC content. 
4.4 Effects of corn straw return modes on aggregates-size distribution 


The positive correlations of SOC with MWD, GMD and >2.000 mm aggregates (Table 6), suggest 
that SOC content acts as the cementing agent of soil stability, as reported by Xue et al. (2019). 
Similar to our study, previous studies in South Africa (Sithole et al., 2019) and China (Kubar et al., 
2018; Gao et al., 2019; Song et al., 2019) showed that MWD, GMD and >2.000 mm aggregate 
distribution decreased under CK. This means that mechanical soil disturbance under CK 
disintegrates soil aggregates, resulting in poor soil structure. Absence of significant difference in 
MWD, GMD and >2.000 mm aggregate-size fraction across all treatments in the 20—40 cm soil 
depth (Fig. 1), is largely ascribed to the absence of soil disturbance in this depth. 

SOC content associated with macro-aggregates accounted for 63.61%—72.10% of total organic 
C in corn straw amended soils for both soil depths (Fig. 2). This result illustrates that 
macro-aggregates sequester large quantities of organic C after corn straw returning. Similar 
results were observed in previous studies (Kubar et al., 2018; Gao et al., 2019; Sithole et al., 2019; 
Song et al., 2019), where macro-aggregates in soils amended with crop straw residues preserved 
more C than aggregates of smaller sizes, because macro-aggregates physically protected organic 
matter in these aggregates against chemical and biological mineralization (Six et al., 2002). By 
decreasing soil aggregate turnover, NTS limited organic C accessibility by soil microbes, which 
in turn stimulated SOC sequestration compared with other treatments (Fig. 2). This result was 
confirmed by CPC analysis, where macro-aggregates exhibited higher CPC than other 
aggregate-size fractions (Fig. 3), and suggested the importance of macro-aggregates in C 
sequestration (Table 6). It was observed that incorporating corn straw residues into the soil with 
tillage as was the case of MTS and CTS decreased SOC associated with macro-aggregates (Fig. 
2), because tillage broke down soil aggregates. These results suggest that protecting SOC in 
macro-aggregates from mineralization might be more important to the C sequestration and 
build-up of SOC content. The SOC associated with <0.053 mm fractions did not exhibit a 
significant difference across all corn straw returning modes and soil depths, illustrating that C in 
these fractions was stabilized by strong organo-mineral interactions. Soil C in this form has slow 
turnover and is stabilized for longer periods. 


4.5 Effects of different corn straw returning modes on corn yield 


Across all corn straw returning modes, no significant difference was observed in corn yield 
throughout the study period, but was slightly higher in soils amended with corn straw. This is 
consistent with the global meta-analysis by Pittelkow et al. (2015) and a study by Si et al. (2017) 
in northern China, which reported no significant changes in corn yield after converting from CK 
to corn straw return. This means that application of corn straw will not decline corn production, 
but will significantly improve soil quality. Most studies suggest that long-term application of corn 
straw could potentially improve corn yield (Song et al., 2015), because SOC took several years or 
decades to build-up. This might explain no significant increase in corn yields across all treatments 
since our study was conducted for only five years. Oldfield et al. (2019) showed that greater corn 
yield is significantly correlated with a higher SOC content. Improvement in soil quality in our 
study could be attributed to the enhanced labile SOC fractions and soil aggregation and lowered 
bulk density caused by the application of corn straw. 


5 Conclusions 


A five-year study evaluating the effects of corn straw returning modes on labile SOC fractions 
and soil aggregate stability found that: (1) corn straw returning significantly improved SOC 
content and its labile fractions in the 0-40 cm soil depth, and of all six labile SOC fractions, 
LFOC and KMnO,-C were the most sensitive fractions. Therefore, they are the most 
representative indicators and their dynamics are the best proxy of SOC quality; (2) corn straw 
returning improved soil aggregate stability represented by greater mean weight diameter, 
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geometric mean diameter and macro-aggregates; and (3) soil macro-aggregates preserved large 
quantities organic C than other size fractions across all corn straw returning modes. Lastly, among 
all corn straw returning modes, NTS and MTS were more conducive to improve contents of labile 
SOC fractions, soil aggregate stability and organic C associated with aggregates in the 0—40 cm 
soil depth. Therefore, farmers can adopt NTS and MTS to build-up SOC and improve soil quality 
without suffering yield losses during the transition period. However, future studies are needed to 
investigate the absence of significant improvement in corn yield after soils were amended with 
corn straw. 
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